The magnetoresistance in a 1 m Permalloy disk, that develops a vortex state during reversal, has been experimentally measured and modeled. The agreement between measurements and numerical simulations shows that the conventional anisotropic magnetoresistance effect is the main source of magnetoresistance. The results demonstrate that magnetoresistance can be used to determine the chirality of the vortex thereby improving the chances that patterned dot arrays could be used in data storage technology.
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The flux-closure state that is generated during reversal in small, soft magnetic, disk-like, structures is now well accepted and is called the vortex state. [1] [2] [3] [4] [5] [6] [7] The reduction of long range stray fields reduces the magnetostatic interaction between neighboring disks and therefore such magnetic systems have the potential for high-density magnetic storage devices. One problem with such a device is how the stored information might be read. After the pioneering work of Shinjo 1 and Cowburn, 2 considerable theoretical and experimental work has been devoted to the investigation of the stability of magnetic vortices under applied magnetic fields, 8 of the effects that govern vortex sense of rotation ͑hereafter improperly referred to as chirality, for simplicity͒, 4, 9, 10 and of the effect of the interdot magnetostatic interaction on the magnetization dynamics of circular dot arrays. 11 In the studies listed above the magnetic properties of the vortex state were investigated using, magnetic force microscopy, 1,4 magnetization loops via superconducting quantum interference device or magneto-optical Kerr effect ͑MOKE͒ techniques, 2 Lorentz microscopy, [3] [4] [5] micromagnetic simulations, 2 diffracted MOKE, 9 etc. Although these techniques have led to a very good understanding of the vortex state, none of them is a likely candidate for use in a practical application.
Here we present a study of the magnetoresistance ͑MR͒ in a Permalloy disk that develops a vortex state during reversal. MR has already been used to investigate nanowires 12 and rings 13 and the MR signal has been attributed to both the ordinary anisotropic magnetoresistance ͑AMR͒ effect 14 and to the presence of domain walls. We find that our MR signals in a four-contact arrangement, are explained entirely by the AMR effect. Our results are quantitatively interpreted in terms of AMR, the current distribution and the magnetic configuration of the vortex state in an applied field. The results also show that magnetoresistance can be used to determine the sense of rotation of the vortex and hence that it is suitable for any memory device that relies on the vortex chirality as the information bit. Figure 1͑a͒ shows a scanning electron microscopy image of the sample. The contacts, labeled 1-4, are 10 nm thick Au deposited onto Si. The disk was then lithographically patterned, a 25 nm Permalloy film deposited, followed by the lift-off step. The experimental ͑symbols͒ and simulated ͑solid line͒ hysteresis loops in Fig. 1͑b͒ are in reasonable agreement except for the exact values of the vortex nucleation and annihilation fields. That reversal occurs via the nucleation and annihilation of a single vortex was also confirmed by Lorentz microscopy as shown in Fig. 1͑c͒ . This figure also shows how vortices with opposite chirality are displaced in opposite directions by an applied field. The a͒ Author to whom correspondence should be addressed; electronic mail: grimsditch@anl.gov FIG. 1. ͑a͒ Scanning electron microscopy image of the sample; ͑b͒ normalized MOKE hysteresis loop ͑solid dots͒ compared to the calculated one using micromagnetics ͑line͒; ͑c͒ in-field Lorentz microscopy images of the vortex state.
magnetoresistance of the dot is measured at room temperature using a four-terminal ac technique with lock-in detection. The dot is fed with a current having a frequency of 60 Hz and a peak-to-peak amplitude of 5 A while the magnetic field is applied in the plane of the particle along different directions.
In the AMR effect the resistivity depends on the angle ␣ between current and magnetization: = Ќ + ͑ ʈ − Ќ ͒cos 2 ␣, where ʈ and Ќ are the resistivity for ␣ = 0°and ␣ = 90°, respectively. Therefore, it is necessary to know the current distribution as well as the local magnetization. The latter is calculated with micromagnetic simulations using the object oriented micromagnetic framework ͑OOMMF͒. 15 The material parameters used for the simulations are those contained in the OOMMF program for Permalloy; the side of the cubic unit cell used in the computation was 5 nm. Figures 2͑a͒ and 2͑b͒ show the voltage contours and current distribution calculated for our sample. We made the approximation that the local resistivity changes due to the AMR effect are neglected when calculating the current distribution. In this calculation we have assumed that all the contacts are equipotentials, the current contacts ͑3 and 4͒ are held at ±1, respectively, and the voltage sensor leads ͑1 and 2͒ are floating. The current, proportional to the gradient of the voltage, is shown in Fig.  2͑b͒ . In order to calculate the magnetization-induced changes in the signal we note that the voltage drop in the j direction across each cube of the simulation ͑v j ͒ is given by v j = i j ͑ Ќ + K m j 2 ͒, where K = ͑ ʈ − Ќ ͒ and i j and m j are the j components of the current and the magnetization. Since the value of K is small ͑typically in the order of a few percent in Permalloy͒, the average field-induced voltage change ͑⌬V͒ between the contacts is proportional to ⌬V ϰ ͗⌺͑i j m j 2 ͒͘, where the sum is along a path that connects the two contacts and the average is taken over all such paths. Given the current distribution shown in Fig. 2͑b͒ we have found that a summation ͑⌺Ј͒ over the shaded-yellow area between the two contacts provides a good measure of the change. Since the current between the two sensor electrodes in Fig. 2͑b͒ is almost a constant, another convenient simplification turns out to be that the voltage can be written as: ⌬V = K⌺Ј͑m j 2 ͒. In the case where the sensor contacts are 1 and 2 we have j along the vertical ͑y͒ direction ͑see upper panel of Fig. 1͒ . Figure 2͑c͒ shows the voltages measured between contacts 1 and 2 and H applied along x for a current I of 5 A fed into contacts 3 and 4. The left panels of Fig. 3 are for H along y and the right panels for H at 45°. For the two latter cases we observed the occurrence of different shapes in the voltage scans depending on the exact alignment of the field H, and the sample magnetization history. In the case of Fig.  2͑c͒ we found that the shape of the measured curves was independent of both exact H alignment and magnetization history. Before attempting to quantitatively describe the loops it is convenient to qualitatively understand a few of the salient features of the curves in Figs. 2͑c͒ and 3 .
The change in voltage ͑at saturation͒ between H parallel to x and y ͓compare Fig. 2͑c͒ with the left panels in Fig. 3͔ is ⌬V = K n= 0.029 V, where n is the number of cells in the shaded area of Fig. 2͑b͒ . When H is at 45°the model predicts ⌬V = K n/ 2 = 0.015 V in good agreement with the experimental value of 0.014 V ͑right column of Fig. 3͒ .
When H is applied along x, the vortex core is displaced either between contacts 1 and 4 or between 2 and 3 depending on the vortex chirality and the sign of H. By symmetry the voltages in both cases should be equal leading to the mirror symmetry around H = 0 for the up and down sweeps in Fig. 2͑c͒ . When H is parallel to y, the core is displaced between contacts 1 and 2 or between 3 and 4 leading to the asymmetry in the curves in Fig. 3͑a͒ . Similar arguments can be used to explain the shapes observed in the measurements with H at 45°to y.
Quantitatively we can write the voltage drop ͑in V͒ between contacts 1 and 2 for an arbitrary magnetization configuration as: ⌬V = 0.029* ͚͑m j 2 ͒ / n. The field dependent configurations obtained using the OOMFF code, combined with this expression, lead to the voltage drops, in V, between the signal contacts; these are presented in Figs. 2͑d͒ and 4 . The interpretation of Fig. 2͑d͒ ally referred to as a "C" state in the literature͒ developed prior to vortex nucleation. At a small positive field the vortex nucleates and migrates close to the disk center leading to an additional increase. As the field increases further and the core is moved away from the disk center the signal decreases. It is easy to see that the above process is independent of the vortex chirality or of the '͑' or '͒'-like nature of the initial configuration and this explains the reproducibility of the experimental loops independent of small changes in field direction and or its magnitude. For fields applied as indicated on the left side of Fig. 4 the situation is quite different since the chirality of the vortex now determines if annihilation occurs between contacts 1 and 2 or between contacts 3 and 4. In Fig. 4͑a͒ we have plotted the calculated results assuming that a counterclockwise vortex is nucleated on both the up and down sweeps. On the down sweep the core nucleates close to the center and then is displaced between contacts 1 and 2 producing a large effect. During the up sweep the core moves away from the signal contacts thus producing a smaller signal. Plots 4͑c͒ and 4͑e͒ are the calculations assuming a change of the chirality during the up and down sweeps. Depending on the initial chirality the vortex is annihilated either between contacts 3 and 4 ͓Fig. 3͑c͔͒ producing a small signal, or between contacts 1 and 2 ͓Fig. 3͑e͔͒ producing a larger signal. A comparison with the experimental results in Figs. 3͑a͒ , 3͑c͒, and 3͑e͒ shows that the three scenarios are actually achieved experimentally. Since the chirality is known to be determined by subtle shape effects and the direction of the applied field, 4, 10 we are unable at present to identify the microscopic origin why small changes in experimental parameters lead to the observed results. Identical arguments can be made for the H at 45°case shown in Figs. 3, 4͑b͒, 4͑d͒, and 4͑f͒ . The agreement with the experimental data is excellent in both the shape and the magnitude of the magnetoresistive effect ͓the nucleation and annihilation fields are not reproduced exactly as already noted for the hysteresis loops in Fig. 1͑b͔͒ . This validates the model developed to interpret the magnetoresistance data and also shows that the AMR effect is the main source of magnetoresistance in these systems. The calculations slightly underestimate the magnitude of the effect; we believe that this is most likely due to uncertainties in the exact location of the contacts. Very insightful are the results displayed in Fig. 4 . They show clearly that the sense of rotation of the magnetization in the vortex state leads to the different shapes observed in the measurements for H parallel to y and at 45°. For H parallel to y, the calculations show that the larger rounded peak in the AMR occurs when the vortex core is displaced between reading contacts 1 and 2 while the sharp peak results from the sweeping of the core between contacts 3 and 4. Also, if the sense of rotation of the vortex is preserved upon reversing H, the calculations predict a nonsymmetric behavior around H = 0 as observed in the measurements ͓see Figs. 3͑b͒ and 4͑b͔͒. Of particular interest for applications are the results for H at 45°. In Figs. 4͑d͒ and 4͑e͒ it can be seen that, at any field, the two different chiralities yield a magnetoresistance of opposite sign. Therefore, in this configuration magnetoresistance measurements offer an effective way to "read" the sense of the vortex rotation, and hence provide a potential for applications in magnetic storage technology. 
